Abstract
Introduction
Heart failure (HF) is a chronic condition in which the heart muscle is unable to pump effectively to meet the body's need for blood and oxygen. Disturbances in several metabolic systems occur in HF patients, among them alterations in calcium (Ca) and phosphate metabolism [1] . Briefly, in isolated myocytes from patients with end-stage HF systolic ionized Ca transients are markedly reduced, diastolic Ca levels are increased, and the rate of diastolic decay of Ca is slowed compared with heart cells from healthy subjects [2] . The sarcoplasmatic reticulum Ca leak is considered to be an important patho-mechanism in HF, and this leak is similar in human ischemic cardiomyopathy and dilated cardiomyopathy [3] . Moreover, cardiac high-energy phosphate metabolism is altered in HF [4] and elevated serum phosphate levels have been reported in these patients [1] .
The active, hormonal form of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH) 2 D), plays a pivotal role in cardiac function. Cardiac muscle cells possess a 1,25(OH) 2 D receptor and a 1,25 (OH) 2 D-dependent Ca-binding-protein [5] . In addition, a 1,25(OH) 2 D-mediated rapid activation of voltage-dependent Ca channels exists in cardiac muscle cells [6] . Consequently, 1,25 (OH) 2 D administration can normalize the impaired contractility of the myocardium that is observed under experimental vitamin D deficiency [7] . Renal synthesis of 1,25(OH) 2 D is suppressed by the phosphaturic hormone fibroblast growth factor-23 (FGF-23). FGF-23 is produced by bone cells, is stimulated by high serum phosphate levels, and promotes phosphaturia to maintain serum phosphate levels within the normal range [8] .
In HF patients, low 1,25(OH) 2 D levels and high FGF-23 levels are independently associated with poor clinical outcome [8] [9] [10] [11] [12] . Patients with failing hearts have very low 1,25(OH) 2 D levels and extremely high FGF-23 levels [9] . In end-stage HF, left-ventricular assist device (LVAD) implants are increasingly used as a bridge to transplant or destination therapy [13, 14] . Although LVAD implants increase survival significantly [13] , mortality rates remain high in LVAD-supported HF patients [15] .
Little is currently known about the effect of LVAD implants on calciotropic and phosphaturic hormones such as 1,25(OH) 2 D and FGF-23. The present study therefore aimed to investigate the postoperative time course of the aforementioned hormones in patients supported with an LVAD implant.
Methods

Patients
Sixty-nine patients of the Heart & Diabetes Center NRW, Germany, where preoperative and postoperative blood samples were available, were included in the present study. We used biobank plasma samples, stored at -80°C that were collected for the Mechanical Circulatory System Program at the time of VAD implantation, and at different time points thereafter. The aim of the biobank is to address novel research questions in the field of end-stage HF. Due to frequent hospitalization, patients who did not survive the first postoperative year were Vitamin D, FGF-23, and LVAD Implants overrepresented in the present study cohort (45 non-survivors, 24 survivors). The calciotropic and phosphaturic hormones 25OHD, 1,25(OH) 2 D, PTH, and FGF-23 were analyzed in samples collected just prior to LVAD implantation (within the last 3 days before LVAD implantation; designated t0), and in samples collected 12 days postoperatively (IQR: 10-16 days), 30 days postoperatively (IQR: 24-35 days), 83 days postoperatively (IQR: 55-103 days), and 300 days postoperatively (IQR: 237-374 days) (designated t1, t2, t3, and t4, respectively). Only patients with HeartMate II and HeartWare LVAD implants were considered for the present study. The surgical technique of device implantation, as well as medication use during followup, is described elsewhere [15] . Written informed consent for biobanking of plasma samples was received from all patients. Moreover, study procedures were approved by the ethics committee of the Ruhr University Bochum at Bad Oeynhausen, Germany.
Biochemical Analyses
Postoperative PTH, 25OHD, and FGF-23 levels were analyzed with the same test kits as the previously published preoperative data [15] . Briefly, c-terminal FGF-23 was measured using an ELISA test kit provided by Immutopics (San Clemente, CA). The reference range is < 100 RU/ ml. 25OHD levels (sum of 25OHD 2 and 25OHD 3 ), which are the generally accepted indicator of vitamin D status, were analyzed by the autoanalyzer Liaison (DiaSorin,Stillwater, MN, USA). According to the Institute of Medicine [16] , 25OHD levels < 12 ng/ml (multiply by 2.496 to convert into nmol/l) are classified as deficient, and values between 12 and 20 ng/ml as inadequate. The DiaSorin autoanayzer was also used instead of the previously used liquid chromatography tandem mass spectrometry method to measure preoperative and postoperative 1,25(OH) 2 D levels (sum of 1,25(OH) 2 D 2 and 1,25(OH) 2 D 3 ). This method requires only 75 μl of sample volume instead of the 500 μl needed by liquid chromatography tandem mass spectrometry method. The limit of 1,25(OH) 2 D quantitation is 5 pg/ml (multiply by 2.4 to convert into pmol/l), and we considered values below this limit as 4.5 pg/ml. The reference range is considered to be 20 to 79 pg/ml. Intact PTH was measured by an ELISA test kit provided by Biomerica, Irvine, CA, USA. Values between 10 and 60 pg/ml are usually classified as adequate. Creatinine levels were determined by standard procedure and estimated glomerular filtration rate (eGFR) was calculated by using the Modification of Diet in Renal Disease formula.
Statistics
Categorical variables are reported using the number (n) and percentage of observations. Since calciotropic/phosphaturic hormones were non-normally distributed, as checked by the Kolmogorov Smirnoff test, these data are presented as median and interquartile range (IQR). To assess time effects on calciotropic/phosphaturic hormones, the Kruskal Wallis test was used. In case of significant time effects, post-hoc analyses using the Mann-Whitney test were performed to assess differences between specific time points. The Mann-Whitney test was also used to assess differences at specific time points between different subgroups. Spearman's rank sum test was applied to assess interrelationships between eGFR, FGF-23, vitamin D metabolites, and PTH. Multiple regression analysis was used to assess independent predictors of circulating FGF-23 and 1,25(OH) 2 D levels. Non-normally distributed biochemical variables were log(e) transformed prior to these analyses to achieve a normal distribution. P-values <0.05 were considered statistically significant. We applied the statistical software package SPSS, version 21 (IBM Corp, Armonk, NY, USA) to perform the analyses.
Results
The baseline and clinical characteristics of the patients are given in Table 1 .
Vitamin D, FGF-23, and LVAD Implants
Most patients were male. One third of the study cohort had HeartMate II implants and twothirds had HeartWare implants. The cause of HF was ischemic cardiomyopathy in the majority of patients (55.1%), dilated cardiomyopathy in 39.1% and other causes in only 5.8%. Of the 69 patients, 5, 15, 30, and 19 patients had INTERMACS (Interagency Registry for Mechanically Assisted Circulatory Support) level 1, 2, 3, and 4, respectively. Survivors and non-survivors did not differ significantly according to gender distribution, body mass index, diagnosis, hemodynamic function, INTERMACS levels, sort of device, hemoglobin levels, and white blood cell counts. However, non-survivors were significantly older and had lower baseline eGFR values than survivors.
In total, 264 blood samples (69 preoperative samples and 195 postoperative plasma samples) could be analyzed. At t0, FGF-23 levels were above its reference range of 100 RU/ml and 1,25 (OH) 2 D levels were below its reference range of 20 pg/ml in 98.6% of patients (68 out of 69 patients) and 81.2% of patients (56 out of 69 patients), respectively. Moreover, elevated PTH and deficient 25OHD levels were present at t0 in 19 (27.3%) and 40 patients (58.2%), respectively. There were significant time effects on eGFR, FGF-23 and 1,25(OH) 2 D levels, but not on PTH or 25OHD levels ( 2 D levels were significantly higher in survivors than in non-survivors (P = 0.006). In both, non-survivors and survivors, FGF-23 remained markedly elevated until t4. The FGF-23 levels did not differ between survivors and non-survivors at any time point. eGFR values were significantly higher in survivors than in non-survivors at baseline and t1 (P = 0.018 and 0.024), but not thereafter (P>0.05).
Based on the 264 plasma samples, Table 4 summarizes the relationships between the measured hormones, kidney function, body mass index, and age: Circulating FGF-23 was inversely related to eGFR and circulating 1,25(OH) 2 D, but was unrelated to PTH or 25OHD. Circulating 1,25(OH) 2 D was also positively correlated with 25OHD, and PTH, and was positively correlated with eGFR. Multiple regression analysis revealed that FGF-23, eGFR, 25OHD, and PTH 
Discussion
The present study indicates transient effects of LVAD implantation on kidney function and FGF-23 levels and a significant increase in circulating 1,25(OH) 2 D levels until the end of the follow-up period. These latter results were largely influenced by those patients who survived the first post-implant year, and were not seen in non-survivors.
To the best of our knowledge, this is the first publication to address the effect of LVAD implants on FGF-23 and 1,25(OH) 2 D levels. Our data demonstrate that end-stage heart failure patients have very high FGF-23 values and very low 1,25(OH) 2 D levels before and after LVAD implantation. We [9, 11] and others [8, 10, 12] have already reported that elevated FGF-23 levels and low 1,25(OH) 2 D levels are both independently associated with poor clinical outcome in HF patients.
The transient increase in eGFR values after LVAD implantation is in agreement with earlier findings in end-stage heart failure patients with LVAD implants [17] . This transient effect on kidney function was observed in both survivors and non-survivors and may at least in part explain why FGF-23 levels did not continuously decline after LVAD implantation and remained markedly elevated until t4, because the synthesis of FGF-23 is increased by elevated serum phosphate levels [8] , e.g. as a consequence of impaired kidney function [18] . However, an alternative explanation for the lack of a permanent suppression of FGF-23 levels by LVAD implants is also possible and may involve the altered energy and phosphate metabolism of the failing heart. The heart consumes more energy than any other organ and the failing heart is considered to be an engine out of fuel [19] . Even in HF patients without severe kidney disease serum phosphate levels are elevated [1] . Under conditions of stress, cardiomyocytes are able to synthesize FGF-23 by themselves [20] . Although patients with LVAD implants show some metabolic improvements in glucose metabolism and tissue inflammation [21, 22] , other derangements such as indices of myocardial fibrosis and impaired amino acid and creatine metabolism persist [21, 23] . Therefore, the elevated FGF-23 levels after LVAD implantation may at least in part indicate a permanently impaired cardiac function.
In the present investigation, circulating 1,25(OH) 2 D levels improved slightly, but significantly. Nevertheless, values remained on average below the reference range of 1,25(OH) 2 D pg/ ml. It is noteworthy that in our study well-known predictors of 1,25(OH) 2 [24] . In contrast to the present study, levels of 1,25(OH) 2 D were also inversely related to age in that earlier study. The mechanisms being responsible for the increase in circulating 1,25(OH) 2 D in the survivors of the present study remain unclear. Notably, circulating 1,25(OH) 2 D levels are also significantly and inversely related to the inflammation marker CRP [25] . Since LVAD implantation seems to reduce inflammatory processes [22] , the slight improvement in circulating 1,25(OH) 2 D may be the result of some metabolic improvements, at least in survivors. The present findings also confirm earlier results of an inverse association between postoperative 1,25(OH) 2 D levels and 1-year mortality in heart transplant recipients [26] . In that earlier study, mortality was highest at 1,25(OH) 2 D levels < 11 pg/ml (32.1%), intermediate at levels between 11 and 18 pg/ml (13.2%) and lowest at levels > 18 pg/ml (3.7%). Similar to circulating 1,25(OH) 2 D, there are also time effects of LVAD implants on natriuretic peptides in end-stage HF patients [27] , and these peptides can also provide information for identifying patients who are more likely to recover. As mentioned before, 1,25(OH) 2 D plays a pivotal role in the intracellular handling of ionized calcium [5, 6] and 1,25(OH) 2 D administration can normalize the impaired contractility of the myocardium that is observed under experimental vitamin D deficiency [7] . Although cardiomyocytes possess 1-α-hydroxylase activity [28] , the heart muscle probably depends at least in part on circulating 1,25(OH) 2 D levels. This assumption is supported by experimental data demonstrating that overall deletion and cardiomyocyte-specific deletion of the vitamin D receptor results in cardiac hypertrophy [29, 30] , whereas treatment of neonatal cardiomyocytes with 1,25(OH) 2 D can partially suppress cardiac hypertrophy [30] .
Similar to the present study, earlier studies have reported deficient circulating 25OHD levels, e.g. levels < 12 ng/ml, in HF patients [1] . Moreover, significantly lower 1,25(OH) 2 D levels were present in HF patients than in (elderly) control patients, and lowest 1,25(OH) 2 D levels were observed in those patients with early onset of the disease [1] . The assumption that low levels of 1,25(OH) 2 D contribute to poor clinical outcome in HF is in agreement with two metaanalyses of randomized controlled trials: Vitamin D supplements improve clinical outcome in HF patients [31] , and increase circulating 1,25(OH) 2 D levels on average by 7.8 pg/ml (95% CI, 3.8-11.8 pg/ml) [32] . However, the present findings also illustrate that 1,25(OH) 2 D regulation is complex. Therefore, we should not be too enthusiastic to believe that simple vitamin D supplementation would be able to restore all vitamin D-related derangements in end-stage HF.
Our study has both strengths and limitations. The strengths include the prospective study design, the multiple blood drawings at different time points, the measurement of various hormones of calcium and phosphate metabolism, and the relatively large cohort of patients with LVAD implants. One limitation is that even in survivors blood samples were not available for all patients at all time points. A second limitation is the lack of a healthy control group or a group with other cardiovascular diseases. A third limitation is that no biomarkers of heart failure such as brain natriuretic peptide or N-terminal pro-atrial natriuretic peptide were available to assess the association between the severity of heart failure with the concentrations of the measured hormones of calcium and phosphate metabolism. Moreover, no postoperative data on hemodynamic parameters were available for this study.
In conclusion, LVAD implantation has only moderate effects on calciotropic and phosphaturic hormones such as 1,25(OH) 2 D and FGF-23. Results are in general agreement with the hypothesis that 1,25(OH) 2 D, and probably also FGF-23, plays a pivotal role in the pathogenesis of HF and that mortality remain high in end-stage HF patients, despite LVAD implantation. Future studies are necessary to investigate in more detail the associations of disease severity, LVAD implantation, calciotropic and phosphaturic hormones, and clinical outcomes.
